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Corrosion is one of the main factors that determine the operational lifetime of any type of thermal power 
station. The ITER In-Vessel design includes coolant water interfaces with the copper alloy CuCrZr that are 
exposed to high ﬂow velocities. These interfaces are near the plasma and thus subject to oxidants such 
as H 2 O 2 generated through irradiation-induced radiolysis of the coolant water when the plasma is active. 
The erosion corrosion and release rates of CuCrZr and CuCrZr/316L(N)-IG joints were derived from 
weight change data and metallographic examinations of specimens after autoclave exposures at 110 °C, 
150 °C and 250 °C at reducing-, oxidizing- and cyclic redox water chemistry conditions. Reducing water 
chemistry represents periods considered as the nominal off-plasma operational conditions while the oxi- 
dizing environment simulates situations when the plasma is active. The cyclic redox conditions represent 
periods with shorter cycles simulating plasma activations with subsequent periodical variation of the 
water chemistry from reducing to oxidizing. The erosion corrosion rates for CuCrZr at active plasma con- 
ditions were 20 and 40 μm/year at 110 and 150 °C. At 250 °C the corresponding rate was much higher. 
This result gives important information on what may happen if, for example, a First Wall panel is ex- 
posed to an unexpectedly high heat ﬂux. Under reducing conditions the erosion corrosion rates were 
3 μm/year and 20 μm/year at 110 °C and 250 °C respectively. The results at 250 °C under off-plasma con- 
ditions reveal that the effect of erosion corrosion also has to be taken into account during baking. Cyclic 
conditions with respect to oxidant content turned out to be the most demanding environment (more 
demanding than pure oxidizing conditions) for the CuCrZr-alloy. Erosion corrosion rates of 90 μm/year 
and 370 μm/year at 110 and 150 °C were recorded respectively. The highest temperature 250 °C was not 
tested. This raise the question whether measures should be introduced that renders the system either 
oxidizing or reducing. In summary, the erosion corrosion rates recorded for CuCrZr under simulated ITER 
coolant water conditions are high, especially during plasma operation. For comparison it can be men- 
tioned that corrosion rates of structural materials in the primary loop of light water reactors generally 
are considerably lower than 1 μm/year. The estimated rates for CuCrZr are then 1–3 orders of magnitude 
higher, however the short total duration of plasma operation during ITER life time must be considered 
in this context. Erosion corrosion of CuCrZr can potentially cause problems for the ITER coolant systems 
and the chemical control systems. 
© 2016 Published by Elsevier Ltd. 
This is an open access article under the CC BY-NC-ND license 
( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
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2. Introduction 
Plasma facing components in ITER such as those found in e.g.
he Divertor and First Wall need extensive water cooling which
s provided by embedded heat sinks of CuCrZr. The cooling water
s according to speciﬁcations hydrogenated and virtually free from∗ Corresponding author. 
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enerated due to radiolysis of water. Being a strong oxidant, the ra-
iolytically generated hydrogen peroxide will make the conditions
n the plasma facing cooling circuits oxidizing during plasma burn
1] . The combination of high water ﬂow rate in the cooling cir-
uits, elevated temperatures and transitions from reducing to oxi-
izing conditions is very demanding from a perspective of corro-
ion. The risk for erosion corrosion in cooling channels of plasma
acing components in ITER designed from the CuCrZr alloy has
hus been studied earlier [2,3] . In this article additional results areY-NC-ND license ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
r specimens exposed for simulated ITER operational conditions, 
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Fig. 1. Specimens before autoclave exposure. The mark close to the edge is a position marker. 
Fig. 2. Schematic illustration of the submerged jet impingement technique. 
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wsummarized from erosion corrosion testing of the CuCrZr alloy and
joints between CuCrZr and stainless steel type 316L(N)-IG under
simulated conditions relevant for primary cooling systems in ITER.
These ﬁnding also highlights critical aspects beyond ITER where
copper alloys are considered. 
2. Material and methods 
The studied CuCrZr alloy had a composition of 99% Cu, 0.9%
Cr and 0.1% Zr. Joints between CuCrZr and stainless steel type
316L(N)-IG were fabricated through hot isostatic pressing. Spec-
imens for erosion corrosion testing were machined into 20 mm
disks which were polished down to FEPA P# 1200 SiC paper and
rinsed in an ultrasonic bath before exposure. Fig. 1 shows an ex-
ample of the two types of specimens. 
Erosion corrosion testing was performed by using the sub-
merged jet impingement technique. During the test, specimensPlease cite this article as: C. Obitz et al., Erosion corrosion of CuCrZ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20ere subjected to a water jet incident perpendicular to the surface
s schematically illustrated in Fig. 2 . The specimen surface will in
his way be subjected to both laminar and turbulent ﬂow depend-
ng on the distance from the impingement point. The technique
as been used earlier in studies of corrosions under high water
ow velocities [4,5] . 
The exposure was conducted in a purpose built autoclave circuit
hich has been described earlier [2] . Simulated primary coolant
ater chemistry corresponding to ITER conditions was created in
he loop according to Table 1 . Note that the highest temperature
hich was tested, 250 °C resulted in excessive corrosion of the
pecimens during oxygenated conditions, which forced a prema-
ure abortion of that exposure. Exposure tests at an impinging jet
elocity of 7.5 m/s was added in retrospect for test campaigns 2
nd 3. Thus, the test matrix is not symmetric. 
During cyclic redox conditions, which simulated periods of in-
ermittent plasma burn in ITER, the periods w/wo H 2 O 2 injection
ere 4 min/40 min, respectively. The Electrochemical Corrosion Po-
ential (ECP) of stainless steel in the circuit was measured using an
g/AgCl reference electrode in order to verify that altering ECP was
chieved in the test circuit depending on H 2 O 2 dosage. The ECP of
tainless steel as function of oxidizer concentration is well known
t elevated temperature and is thus suitable to use for diagnostic
urposes [6] . 
The weight change of the specimens was measured at a few in-
tances during the exposures. Erosion corrosion rates expressed as
hickness reduction in μm/year were calculated from these ﬁgures.
 number of assumptions were made in order to derive the erosion
orrosion rates as explained in Ref. [2] . Among others, the erosion
orrosion rate was assumed uniform over the entire specimen sur-
ace, except for the backside which faces away from the jet. Fur-
her the weight gain of any oxide formed on the specimen was ne-
lected, so was any release of material from the stainless steel part
f joint specimens. Post exposure examinations were performed on
he specimen surfaces using stereo microscopy and Field Emission
un Scanning Electron Microscopy (FEG-SEM). 
. Results 
Fig. 3 shows some of the CuCrZr and CuCrZr/316L(N)-IG spec-
mens after approx. 2170 h of exposure under three different ECP
onditions. Exposure under reducing conditions leaves only little
races of erosion corrosion in the center of the specimens, which
therwise exhibit a metallic luster. Oxidizing or altering ECP re-
ults in oxidized specimen surfaces. Notably, on the joint specimen
xposed at altering ECP a step edge has appeared after exposure,
hich indicates high erosion corrosion rate of the CuCrZr-alloy. r specimens exposed for simulated ITER operational conditions, 
16.05.001 
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Table 1 
Parameters and material for erosion corrosion testing. 
Test 1: oxidizing conditions Test 2: reducing conditions Test 3: cyclic redox conditions 
Exposure time (h) 4170 4170 2170 
Water temperature ( °C) 110 and 150 (250) 110 and 250 110 and 150 
Impinging velocity (m/s) 10 and 15 7 .5, 10 and 15 7 .5, 10 and 15 
Water chemistry Ultrapure water + 1 ppm 
H 2 O 2 +10 ppb Cl −
Degassed ultrapure water + 10 ppb Cl − Degassed ultrapure water + 0 or 1 ppm 
H 2 O 2 + 10 ppb Cl −
Fig. 3. Photos of specimen after 2170 h of exposure at 110 °C under oxidizing (top), 
reducing (center) and altering ECP (bottom). The water jet ﬂow velocity was 10 m/s 
in all cases. 
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Fig. 4. SEM image of a CuCrZr/316L(N)-IG specimen exposed at 250 °C under re- 
ducing conditions and a jet velocity of 10 m/s. The image is tilted 46 °. 
Fig. 5. SEM image of a cross section prepared by FIB through the surface of a spec- 
imen exposed at 250 °C and reducing conditions at a jet velocity of 10 m/s. 
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t  
t  The surface on CuCrZr after jet impingement testing under oxi-
izing conditions has been studied earlier by FEG-SEM [2] . At low
agniﬁcations a wavy pattern could be observed, which was as-
ociated with features in the underlying metal and not the oxide.
t higher magniﬁcations a porous oxide ﬁlm could be observed,
hich at 110 °C was patchy. Under reducing exposure conditions an
CP between −650 mV and −400 mV was measured against stain-
ess steel in the loop. At this low potential (oxidizer content) Cu is
ot expected to form an oxide based on thermodynamics [7] . The
uCrZr surface exhibited, when observed in FEG-SEM, a wavy pat-
ern, which is best seen in contrast to the stainless steel surface
f a joint specimen. See example in Fig. 4 . Even though the expo-
ure conditions were reducing, cross sections through the surface
evealed what appeared to be an oxide ﬁlm, see Fig. 5 . However,
he layer was deemed too thin for performing an elemental analy-
is by Energy Dispersive X-ray Spectroscopy (EDS). 
When the exposure conditions were shifted by either adding
 2 O 2 or only degassed ultrapure water, the ECP shifted between
00 and approx. 0 mV SHE. Since the time between consecutive
eriods of H O dosage was only 40 min, a continuously decreasing2 2 
Please cite this article as: C. Obitz et al., Erosion corrosion of CuCrZ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20nd not stable potential over time was observed. Note that an ECP
f 400 mV clearly corresponds to oxidizing conditions, which ver-
ﬁes that the added oxidizer in the form of H 2 O 2 did not decom-
ose prematurely in the autoclave. Indeed, it is suﬃcient with an
 2 O 2 content of approx. 10 ppb to increase the ECP up to 400 mV
nder the given experimental conditions. In comparison, 10 0 0 ppb
 2 O 2 was added to the autoclave circuit. It was estimated that the
pecimens experienced an H 2 O 2 concentration of approx. 950 ppb,
ased on an empirical model for H 2 O 2 decomposition [6] . 
At comparable temperatures and jet velocity the waviness of
he specimen surfaces was higher during altering ECP compared
o purely reducing or oxidizing conditions. Fig. 6 shows an exam-r specimens exposed for simulated ITER operational conditions, 
16.05.001 
4 C. Obitz et al. / Nuclear Materials and Energy 0 0 0 (2016) 1–6 
ARTICLE IN PRESS 
JID: NME [m5G; May 21, 2016;11:38 ] 
Fig. 6. SEM image of a CuCrZr/316L(N)-IG specimen exposed at 150 °C under cyclic 
ECP conditions and a jet velocity of 10 m/s. The image is tilted 46 °. 
Fig. 7. SEM image of a cross section prepared by FIB through the surface of a spec- 
imen exposed at 150 °C and cyclic ECP conditions at a jet velocity of 10 m/s. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8. Weight change of the CuCrZr specimens exposed at 110 °C. Note that data 
points related to reducing conditions are overlapping. 
Fig. 9. Weight change of the CuCrZr specimens exposed at 150 °C. 
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s  ple of a joint specimen exposed at 150 °C under altering ECP con-
ditions. Note that the observed step height between CuCrZr and
316L(N)-IG is much larger, 337 μm in Fig. 6 , compared to 81 μm in
Fig. 4 where the specimen had been exposed at 250 °C and reduc-
ing conditions. A cross section of the oxide ﬁlm at cyclic ECP condi-
tions revealed a porous oxide ﬁlm of a few hundred nm thickness,
see Fig. 7. 
The weight change as function of time for the CuCrZr-
specimens exposed under the studied conditions at 110 °C, 150 °C
and 250 °C are shown in Figs. 8 – 10 . Note that the dataset is in-
complete concerning oxidizing conditions at 250 °C. The reason is
that the material release from the specimens was very high under
such conditions and even clogged the ﬁltering systems of the ex-
perimental loop. The exposure was thus aborted after only 170 h of
testing. 
All specimens lost weight during the exposure. The weight
loss was larger for the CuCrZr specimens compared to the
CuCrZr/316L(N)-IG specimens. This is due to the much higher ero-
sion corrosion rate of the copper alloy compared to stainless steel.
Weight change data for joint specimens are available in Ref. [2] .
The material release from the CuCrZr/316L(N)-IG specimens was in
all cases close to half the material release from the CuCrZr spec-Please cite this article as: C. Obitz et al., Erosion corrosion of CuCrZ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20mens. Further the material release from both types of specimen
ollowed the same trends with respect to exposure parameters.
herefore results from the CuCrZr/316L(N)-IG are omitted in the
urther discussion in this paper. Comparing the obtained results
rom the CuCrZr specimens, it is seen that weight loss is lowest at
educing conditions and highest at cyclic ECP conditions. Further,
eight loss increases with temperature, especially in the interval
50–250 °C. Flow velocity further aggravates weight loss when the
rosion corrosion is already rapid. However, for conditions with
omparably low corrosion rates e.g. reducing conditions and low
emperature, ﬂow rate has only little inﬂuence. An important ob-
ervation is that the corrosion rate does not decrease with time as
or an alloy which forms a protective oxide ﬁlm. 
Weight change of specimens gives no direct relevant informa-
ion when evaluating the impact of erosion corrosion. However, by
stimating a corrosion rate, information useful from both a struc-
ural integrity and a water chemistry point of view can be derived.
he calculated values must be considered as mean values of ero-
ion corrosion along the surfaces. The erosion corrosion rate is lo-
ally higher, for example in the high turbulent zone close to the
enter of each specimen. The derived erosion corrosion rates are
ummarized in Table 2 . When considering the high annual ero-
ion rates it is important to point out that reducing conditions isr specimens exposed for simulated ITER operational conditions, 
16.05.001 
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Fig. 10. Weight change of the CuCrZr specimens exposed at 250 °C. 
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 he normal operational condition due the short duration of ITER
lasma operation. 
. Discussions 
The SEM imaging of CuCrZr specimen surfaces after exposure
o jet impingement testing under simulated primary coolant con-
itions of ITER revealed wavy patterns which are associated with
rosion corrosion. The stainless steel part of joint specimens did
ot exhibit the same signs of degradation. Thus, CuCrZr was at-
acked to a much higher degree compared to stainless steel. The
xide ﬁlms observed by FEG-SEM on CuCrZr were thin and porous
t both oxidizing- and shifting ECP conditions. A layer which re-
ssembles an oxide ﬁlm was even detected after exposure under
educing conditions, veriﬁed by ECP measurements. However, no
urther analysis was performed to verify that it actually was an ox-
de. If it was an oxide it might as well have been formed after test-
ng by moist air in the autoclave upon unloading the specimens.
he oxide ﬁlms formed on CuCrZr were not protective, which is a
ontributing factor to the high erosion corrosion rates that were
bserved. 
Exposure conditions at reducing ECP, which simulates condi-
ions when no plasma is generated, rendered the lowest erosion
orrosion rates. However, at 250 °C, an erosion corrosion rate of
everal tens of μm per year was estimated also at reducing ECP.
rosion corrosion under oxidizing conditions was much more se-
ere than under reducing conditions. The highest erosion corrosion
ate of CuCrZr was however observed under conditions when the
CP was consecutively shifted up and down. Such conditions are
xpected, despite hydrogen addition, when plasma is generated in
TER and oxidants such as H 2 O 2 are generated by radiolysis [1] .
t should in this context be kept in mind that the frequency of
CP shifts in the exposure test was much higher compared to theTable 2 
Estimated erosion corrosion rates ( μm/year) of CuCrZr exp
ter chemistries applicable to ITER operating conditions. 
110 °C 150 °C 
7.5 m/s 10 m/s 15 m/s 7.5 m/s 
Oxidizing – 20 30 –
Reducing 3 3 3 –
Cyclic ECP 60 90 100 290 
a Derived from data obtained for exposure of 170 h and
Please cite this article as: C. Obitz et al., Erosion corrosion of CuCrZ
Nuclear Materials and Energy (2016), http://dx.doi.org/10.1016/j.nme.20lanned frequency of plasma burns in ITER. The velocity of the im-
inging jet used in the test did not affect the erosion corrosion as
ong as relatively low material release was observed. Once the ero-
ion corrosion rate increased, so did the effect of ﬂow velocity. 
It could be argued that the erosion corrosion rates presented in
his paper have been evaluated based on only a few data points
nd that the exposure matrix is incomplete. Especially, the derived
rosion corrosion rate at 250 °C and oxidizing conditions is likely
ssociated with great uncertainty. However, the overall trend in
igs. 8 – 10 is that erosion corrosion of CuCrZr exhibit a close to
inear relation with time. Thus at 250 °C and under oxidizing con-
itions it is very likely that the erosion corrosion rate of CuCrZr
ould be in the range of mm/year. For comparison, it should be
ept in mind that corrosion of stainless steels and nickel base al-
oys in LWR environments results in material release of less than
 μm/year. The corrosion rate generally follows a logarithmic or
arabolic law, where passivation is reached at exposure time con-
iderably shorter than what has been investigated in this paper
8,9] . 
It is clear that ECP shifts will accelerate erosion corrosion of Cu-
rZr. Therefore efforts to keep the ECP either reducing or oxidizing
ould be considered in order to reduce erosion corrosion rate. A
ypothesis that would explain the high erosion corrosion rate at
yclic redox conditions is that the oxide ﬁlm formed during each
ydrogen peroxide injection will subsequently be dissolved in the
educing environment of degassed water since copper oxide is no
onger thermodynamically stable [7] . 
The results of this study concerning the erosion corrosion of Cu-
rZr should be kept in mind when designing cooling systems for
lasma facing components in ITER. The combination of elevated
emperature and especially shifting ECP can lead to rapid degra-
ation of piping and high levels of Cu in the cooling water. 
. Conclusions 
• The erosion corrosion rate of CuCrZr was observed to be high
under simulated primary coolant conditions applicable to ITER.
The rate was in some cases orders of magnitude higher com-
pared to what is measured for e.g. stainless steels exposed to
primary coolant in light water reactors. 
• The erosion corrosion was aggravated considerably by increas-
ing temperature. 
• Continuous reducing conditions rendered the lowest erosion
corrosion rates (and is the dominating operation condition dur-
ing ITER operation). 
• Shifting the ECP up and down, as expected during intermittent
periods of plasma burns, resulted in the highest observed ero-
sion corrosion rate. 
• The erosion corrosion rate was not observed to diminish with
time. 
• Compared to CuCrZr stainless steel type 316L(N)-IG performed
much better exhibiting no or very little erosion corrosion under
the studied conditions. osed under various simulated primary coolant wa- 
250 °C 
10 m/s 15 m/s 7.5 m/s 10 m/s 15 m/s 
40 40 – 3500 a 6200 a 
– – 10 20 50 
370 410 – – –
 normalized only to surface area facing the jet. 
r specimens exposed for simulated ITER operational conditions, 
16.05.001 
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